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THEORY OF CHAIN-THERMAL FLAME PROPAGATION,
RZFORT 2

TWO ACTIVE CENTERS WITH DIFFERENT DIFFUSION
COEFFICIENTS

[Following 1s the translation of an articdé by

L. A, Lovachev entitled " Teoriya Taepochechno-
Teplogo Rasprostraﬂéniya Flameni, Soobszshcheniye

2. Dva Aktivnykh Tsentra S Razlickmymi Koeffitsi-
yentami Diffuzii" (English version above) in Iz-
vestiya Akademii Nauk SSSR « Otdelenive Khimiches-
kikh Nauk (Bulletin of the Academy of Sciencea of the
USSR - Chemistry Section), Moscow, No, 7, 1960,

pages 1191 - 1199{1
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In the foregoing article” the relationshir: for ihe

s et b - e et 8

determination of the velocity of flame propagation in a
system with two active centers having identical 2iffusi-n i
coeificients were obtained, This prcblem for two asctive |

centers with identical Adiffusion coefficients .z solved

O]

by reducing it to a problem with =« simplified system of
¢chaln resctiorn and active centers of ithe sere kind, con-
sidered in the first article2 which wasz devoted Lo the thes
ory of- chain-thermal propagaticn of laninar flame in &

homogeneous zaseous mixture, In a series of works thers

wnere consldered: the dependsence cf tne flame proragation

3, b, 1
valoclty on pressure and temperature P s the influsne

ce of the heat conductivity of the hot mixture and of the %
diffusion coefficients of the active centers or ﬁhe velc= |
city of flame propagations’ L, and the role. ¢f tranching
and rupture of chains in chainr reactions having reiatively
low speeds of the branching processes .,

In this article a relationship 1s developed scoording !
to which the fliame propagation veloclity and the disuribu-
tion of the concentratiocn of active centers in dependence

on temperature change in a non-branched reaction system

wihich includes two kinds of active centers having differsnt




diffusion coefficients can be calculated,

The system of the reaction and the system cf the

equations, The system of the reaction in which A and &

represent the starting materials, ¢ - %he end produst of
the reaction and P, and P? - the actve centers is set up

in the following form:

M4A 2P+ M @ = b R(T) ()
MEB=2P+M,  ®y=hy R (T (1"
Pi4B—+C+ Py Qg =mFin = MK, (T')ngny: (2)
Pi+A~C+H+ P, Qny=hFony=hKi(T')n ns (3)
Py, -C— 5Py, Qo= hofony = 0Ks (T') npony; 2
Py+ C— A Py, Quty = ByFeny = RK((T) npny: (3)
2P+ M= A4 M, Xyn} = by, Wy (T') 1}, (4)
Pyt M—-B4M  Xpd=hy Wi (T)nl 1)

On the right are written the expressions for the rates of
heat liberation (or absorption), Here h; 1s the heat ef-
fect of the reaction in cal/mole; ny and n. - concentra-

tions of the active centers P; and P, in mole/g of mixturej
n,, ng and nc - the concentrations of the materials A, ,
and C in mole/g of mixture; K; and W, - constants for the

reaction rates in ga/cmB-mole°sec: Ri - the rate of chain

generation mole/cmB-sec; ' - temperature in %k, It is




assumed that the diffusion coefficients of the starting
materials DA and Dg and the product D; are equsi to the
coefficient of temperature conductivity () = cpDy = cyDg =
cyDc), and therefore the rates of chain generaticn (1) mnd.
(1') and also the expression for F, are written as functi-
ons of temperature only,.

The system of equations descridbing the procesas of the
stationary propagation of the horizontal laminar flame
for the reduced reaction system and tae assumed conditions

1s brought down to three equaticns

Wi —Bop+ Qi+ Qe+ Q- A + EXml + B = 0. (5)

D‘%—B%-‘rF{‘Q+Fﬂn2_Flnl'“Fﬁl'f'Rl_Wl“: = 0, (6)
Dy — B+ P+ oy — Fpy—Fyy - By =Wyt =0, (3)

where B = ug, Dy= yDp,, Dp= ¢ Dp,, =1' - -rv‘,z;)j.:b =
b+ P, EXyny = xin§ + ins and p = %; X - the coordinate
on the axis of the normal flame surface in em; v - the
flow rate dirested along the x - axis in cm/sec; ¢ = den-
sity in g/cm3; A - heat conductivity in cal/cm * sec. dege-
ree; ¢ - heat capacity at constant pressure in cal/g + deg-

ree; DPl and DIZ - the diffusion coefficients of the activq




centers P; and P, in cm?/sec.~

The index "O" will refer to fr:ue initial
state of the fresh mixture (T' = Ts), index "r" to the
state at combustion temperature (' = Ti-), but index "
tc the state corresponding to the maximal valus ol tho
temperature gradient (T' = T&).

The sum of the functions of the heat liber. .lon rates
in (5) and the sums of the functions of the reactiocn rates
in (6) and in (7) are equal to zera at T' = T:J aré ™' = T,f.g

The limiting conditions for equations (5}, (6), and {7

are:

T =T, n,=n.,.n,=n,,.%=.%";‘-a.‘%=.=o; 8)

T'—’=T;,n‘=nlf. g = N :‘__,T_aé’_l_l.::d_f_‘_.=0. (9)

Similar conditions are true for flames without heat loss
intc the surrounding medium and were accepted on the
1,2

strength of the foregoing conslderation™

Determination of the velocity of flame propsuation,

The calculstion of the quadratic rupture of the c¢hzins
which considerably complicates the ond pre-

sults dces not lead to a marked change in the value of the

h

)
theoretical veloclity of flame propagation™, Therefore, in




the beginning it will be assumed that Wi = w2 = 0, Further
1t will be shown how to figure the velocity of flame pro-
pagation by taking into consideration the velocities of
the quadratic chain rupture and utilizing the approximate |
relationships obtained 1n[hJ (figures in brackets refer to
references in the bibliography, transl.).

The method of solution of this problem based on the
idea of solution of equations of type (6) and ;}g with
conditions (8) and (9) in the form of polyn of the se-
cond degree was considered in detail and proved in La].

In agreement with [ 2] and on basis of (5), (6), and (7)
the concentrations of active centers at temperature T =

Tm corresponding to the maximal value of the temperature

4
gradientyGan be written as follows: '

i = by + (Rim + Gamttam — Gyt — Blrpm) N1, (10)
ﬂu-fg‘f‘(Rm'i'Gnﬁnm-‘Gn”m_BliPm)Nm (“).
where I‘= ._.'.,.'_L;-;.'il-—‘..-’ l’__;-"";:n”_' ,
N‘ - A. 4 . = r
B M 2,0},

ﬁ-=!hoﬁ'ﬁTQ. by = gy 4 [T o,
f"'Tu(Tr"'Tn): al”l'f"ﬁ
Gg ﬂ’.+’a B Tpy= 0,5T,.
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Solving (10) and (11) we find after rearrangement
i+ Ry — Bhp) Ny + [Ny + 18y +- (R, —-B‘F.u)ﬂlﬂtl“eu (12

M = 146, M+ G,
by + (Rogy — Blapy) Ny 4 L N3 + 4Ny + (R~ Blp ) NN €, , (1%
Mo == T+ G M+ G, N, S Mt

where lmiy4lym R Ry + R,

Substituting (12) and (13) ir%o (5) and considering
that at T = T, p = p_ and (dp/aT), =0, and also using the
relationship obtained earlier B= NPe= Y pm'{_z_? in which

)= u)o/c'rm we obtain by introducing these symbols in (10) :
and (11): {
AP + Apt + Ap? + Ay =0, (14)
where A; = 4cyDy,D,..

Ay = XY GunDom + GonDin) + 29 (ShDom + SwchDi) = |

~— ADsuDsm (Ssats + Smts) — 451n Dy ® e,

~ 21D (GinDym + GouDia) — 27 (SsmRymDsn -+ SsmRenDiw), ’
Ay = — R (S10Gam + Semlirm),

Sy =G + Qs = byF, 4+ A,
Sy = Qy + Qs = &F, + MyF,.
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flame propagation velocity with the exception
cases when into the hot mixture s materisl is
which is easily decomposed with t..e formadion

centers, Therefore, disregarding the rates of
from (1l4)
APl + A+ A =0,

| 1 )
where A, and A, are A, and A, 8t R, = R,= $ =

into (5), (6), and (7):

1
“’ P’ ."lp.’

aprroximate equation (15),

to those which were derived in foregoing works

ration, 1.6, assuming thet Ry = R, = R = ¢ = 0, we cbsain

using relationships which are found from the rslations=hip
B= M) Py placing these valuss

where p, 1s determined from equation (1) or from tne
From relationship (16) and equation (15) for the
determination of the velocity of flame propagation simpler

approximate relafionships can be obtained which are similar

hssuming that in (15) A4 RS 0 and also taking into conside- |

The oaloulation of the chain generation rates doces ‘

not substantially influence the thecreiical value ol the

of special

introduced

Ant o m—— S———— o

of active i

chain gene-

(15) |

|
o.
|

The velocity of flame propagation willl be determined

(16)

)
i
:
f
:
}
|

1,2,5
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ration that Az‘& Zcpr(Glszm-+ GZlem) we firnd
pe - 1Dy -+ 1:Dy ) (S G = SamGym) (‘ . ﬂ\) {17
. (G Dym — GonD),,) v/ ;
where 29 2hqs (t L 2)
% (%0 laxeGe)
eD cD
Ry = ‘ﬂl. . g == ‘A‘:o- ’ Dl’ = Dlmqu
T' d' 3
Bo °
Dy =Dty G = oo ( Tm)

m Tm

nay oo T; hot
at DP:“(T) ’ q!‘.:;-' <

at  Dpy~ (T)", 7= 4qu':;'“

P L

and hth

Flacing p, from (17) into (16) and placing these values
into (10) and (11) we obtain gn aprroximate relaticnship

for the determination of the velocity of fiume prcpegaticn

t (7 Dy N3 Dyn) (SymGyr + SemUpm)
w=soty/ 2T, Gy + Tyl - 9

where

S VETTEEDY (19)

o gy

s o a1 4w

et e et v e o
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"I;ﬁm +n Dm) (aun + a:n) i
¥ = l Ry + fge) (Gy Dy + Gmﬁm) (20

e o — -

The relationship (18) c¢an be represented in a form

which conforms with the form of the relationships cbtal:ed
1,2,5

cem— .

in foregcing works for simpler cases 1f the affecfive
total concentration of the actlve center of one typre ng,
the effective diffusion cosfficlent Dy, z2nd the effective|

value Q, are introduced, Afier simple rearrangerients we

obtain from (18) and (20)

—“'T—‘/ errnDPm . @n

Ay Dym == 1y D

where

C MR L e S A A 1 — v - it SN S R 5 S

) Gy — Gom) ' (22)
(nyp -+ Rgr) (G, nDym+t GomDy0n))

(
I = (Ner 4 )

D pym + 1y Dy

§

D m = L3 (23) i
I'm ,r+n?r i
S G + Sy, o1y i

(J.” - HT! ‘JJ"K + 0 { l o (2_;) 2
m om z

Previously, when the disintegrating flame was consi-
derod2 the mechanism of the gradual (non-branched) chain
reaction was represented by a simplified system with one

kind of active centers, The simplified system was intro-

duced to facilitate the solution of the flame proragation ;

A~ R —— - A S S L AN 8 T " R -

e <aov e
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problem in a system reacting according to the chaln mecha-g
nism, The relationships (21) to {2l4) verify the substan=i-
elity of the simplified system of the chain reacticn assu—i

2,4 ‘

med earlier and give an opportunity to determine for ‘
this simplified system the effective concentration of i
one kind of active center at combustion tempersture (22},
the effective diffusion coefficient (23) and the effective?
constant of the rate of the chaln continuation prccess j
which in conformity with (24) is equal to 2Q,/cT.. All
of the effective values indicated are determined from the |
data of the reacbion system with two active centers and i
different coefficients of their diffuaion,

Relationships (18) or (21) do not take inte conside-
ration the influence of the rates of the generation and

the quadratic rupture of the chains, Using the aprroxi-

mate relationships obtained in [A]'and adduced to alsc in §

Llj'we find from (21) the final relationship for the deter-

mination of the velocity of flame propsgation u, taking
into consideration all of the processes according Lo (1),

('), (2), (3), (2"), (3'), (L), and (4"):

Uy = W“V“'Q."DP' | (25)

o aem h At e A A e s da

% WAV
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with ¢ and ¢ being little different from unity one can

N .
H s Py R -
A A+ S el A S S P

- PN . —

where n_ , Dpy, and Q  are found from relationships (22), |
(23) and (24), but the coefficients of the retec. Sand o,
taking into consideration the influence of the generation !
retes and the rates of the guadratic chain rupture, are

cal:-ulated from the reiastionships:

N 16qucT R ‘
§= 1! ‘/l i £ 9
2 ( YV T w e, ) 126)
!
(. . ch,l"m ‘:—. ‘63 :
9-—-(1-7 ——:T?:“) , {27) ,

where R = Ry, + Rop and W = Wy, + Wy, bUC q/x is found’
from a relationship correspornding to {17}, Such a repre-

sentation of the total effective rates of the gemaratlon

© S i b on B s e

and the quadratlic rupture of chains in the form of sums |
of the rates for unlike actlve centers having differing i
diffuslon coefficlents i: nct entirely as strict as in thej

1
cases when the diffusion ccefficlents are equal. ilowever,

successfully use the relationships (26) and (27}, which
often takes place in real cases,

Assuming, as it was done in [2], that the cdistribu-
tion of the concentrations of the active centers f.and P2

1
1s determined by the values ot tne quantities at T

p— s

= T,

<L-1-l-¢oon~m . NPOres 4 - A s i o

— 12 —
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(the admissibility of such an assumption was proven

e - .-

in {_2] Jwe obtain in conformity with (12) and (13, and by
placing the valuee in (10) and (11) the dependence of the
concentration of the sctive centers on the temperature:

(AD,DomPL ) T + (G A+ 2D iy Ry — LU A 28) !
40,,D zmptn + Zp,’,‘ (GymUsm + Gymbym) T{Tr.—T)

ny(T) =

(4DIMD!IHP:M") r + thm A’l + 2D|mp:’n ‘R.‘Jﬂ - ,‘l’p;!)] T (Tr - T) - (29,
40,,.D,.,.p% + 28, (CymDam + GamDy T (T, — 1)

ny (T) =

where A, = 2p§(llD1m+ 1,07 +(R, - 191.;),‘?1)'1'('1'r - T},
but p, = py is found from the solution of (14) or (15)

or from the approximate relationship (17).

]

In contrast to the functions ny(T) and n,(T) obtained

in EZ] for the case when the diffusion coefflicients of i
both active centers are equal, the dependences (functions)

(28) and (29) are derived taking into consideration the

rates of chain generatlon,

DISCUSSION OF THE RESULTS OBTAINED

"Let us consider some of the consequences resuiting
from the relationship (21) or (25). Having assumed in

(24) for the sake of simplicity that F . = 0 and Fbm =0

%

AT AR S W A T i Nt S = = A ® e o 0
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we obtain for the guantity Qm a simpler relationship

Qq = (b + )Py Fon/(Fy + F, ). The cuantity Q on
which the rate of heat liberation in (25) depends &nd,con-%
sequently, also the velocity of flame propagation are i
i determined in the same way as 1n.f1], namely,from the

s smallest of the values Flm or FZm’ When Flm:= FZm'the

quantity Q, = (b; + h,) Flm/2 = (hy + h,) Py /2, The

2

quantity Q, does not depend on n, . and n,_ and on indivi-

ar
dual heat effects, but is determined by the alzebraic sum

of the heat effects of two consecutive chain continuation
procsesses, éhe rate of heat liheration depends alsc on
the product n.Dp [relacionsulps (22) and(EB)J)the value
of which will be basieslly determined by that oI the pro-

2
under the glven conditicns, The active center with the

ducts nerle or. n rDPZm which turns out to bs the highesﬁ

greatest product n, Dpy, will be the determining (leading)
active center, For the case considered in [1] with equal
diffusion coefficients the leading active center was the
one which had the greatest concentration value at tle
cOmbustion témperature.

The product of the two fractions on the right side
of the relationship (22), 1.e, the quantity n./(n;+n,.),
will always be within the limits between the two extrems
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possible values Dln/DZm and Dan/Dlm‘ Let us also consider

- ———

the product neD, of the relationships (22) and (23} at

F3m= Fhm‘ 0 (this meana that in the relationship (22)
inatead of Glm and G

om thers will be F, and Fan’ respoc-

tively). It is obvious that this prcduct to a consicerable;
degree is determined by the diffusion flow of the active
centers or the leading active center having the meximal

product nirDPim°‘ However, the diffusion flow cf the 1ea.d--i
ing active center also depends on the ratlc of the rates |
of the consecutive processes {(2) anéd (3), ise. on the ]

ratlio of the quantities Flm and ?Zm’ since the diffusion

flow depends not only on n . and Tisps but &lso on the
coricentration of the leading active center at T = T, ;
which in cturn dependé on the ra*t;e of consumption and for- l
mation of the leading sctive center, Let us assume, for
example, that "erm > na.Dzm, then the quantity n. accords
ing to relationship (22) will essentialiy depend on the
size of the quantities anam and E; Dywe Morecver, 1if
PymDom > FomDy, then the concentration Py at T = T, will |
to a high degree depend on the rate of consumption P, ac-
cording to process (2), This is explained Ly the high ;
rate of consumption Py. If, however, FlmD2n< F oDl

then the concentration Plin the reaction zone will to a

15
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! low degree depend on the diffuscicn flow, hecsuse tae rate

of formation P, acecording to the proceas (3) is

comparetively nigh, However, as a wnoie, as I¢ 5ol uus

N . e » -

. from inspection of the product n.D_ ,the velocicty of

’m
{ flare propagation is determinzd to a wore signil..can®

: degree by diffusion flow of the activs centers in 2 sysiem’
of inbranched chain reactions, which 1a quite evii-nt
rhysically, In ca:es when there will be u nignly srunched
reaction or an unbranched reaction with s relatively high
ratg?épneration of active centers {this gan havgsoen upon

addition - of small guantities cf czone

or any Other substarce ~¢ tie ot mixture which {(the

© e so—— A e & s - B8 A 1

substance) would rayldly decompese with = foremation of scw’
tive centers at temperatures belc: thai of combusticn)

the lesding role of ihe diffusicn of the =cilve centers §
In the flame propagation wlll be eliminated as a cunsequ-

ence of the high rate of generaticn of active cenisrs in

the reactlon zone due te the branching or generation of

i_

i

chains, f
: The leading active center will bazsically determine tbg
; !
character of the dependencies of ths flame propagatlon |

rate on pressure and combustion temperaiure, 7The concsne

R i
tratiocns of the variocus active centers csn by themselves |}

depend on the pressure snd temperatucs of combustion of

ey
e R b e W~
B
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re, Therefore when the pressuvre is changed the leading

a mixture of a given initial compositionl'B'S. Uporn
changing the initial composition c¢f the mixture the rapi- :
dity of the change in the concentration of the given actl-
ve center changes with a change in pressure and temperatu-
3
role may rass from one active center to another and wili
depend on the composition of the mixture, Therefore, also |
the effective activation energy determined by formulas
obtained without taking into consideration the diffusion

of the active centers will depend on the initial composit-

ion of the hot mixturel’B.

s e s

Relationsahip (25) enables to determine the true con-
stants and energies of activation of elementary processes
from the experimental dependencies of the rate of flame
propagation on pressure and temperature of combustionl.
Relationships (16) and (14) allow to determine the experi-

mental values of the constants and activation energies

B i NP

with a great accuracy,

-

Numerical calculations, The relationships obtained

enable to carry out calculations of absolute theoretical !

values of the flame propagation velocities for real cases

when the values found experimentally (not dependnest on thei
flame by purely kinetic methods) and necessary for the

TP
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calculation of the rate constants and activation energles

of elementary processes are assumed, The systen shown

- e A o

in the beginning of the article is true for ths combustiong
of halogen~hydrogen mixtures., As sn example combustible

chlorine-hydrogen mixtures were selected whose kinetics

are well known and car be represented by the following §

B e

system of chain roactions:

Cl+Hy — BC-H, &= —2-10% Kl‘“’“"?’“’("%};
, 2500
HeClye MO, Ry 4.6:100, Ko K, ptexp(— 7o)

HAHCl = Bl 2 10 Kym 104enp(— )

SR A S 4.4 e i S s TR - 8

- -

1]
where twe values for the coefficlent Kz were assumed:

v _ L 13.7 '
K, = 10

' 1 ;
and K2 :.10‘3'u. The dependencies of the rate:

constants of the resetions shown were taken from the data

of Trotman-Dickenson6 and Schumacher7.

FRRURIE I v .

Data for two mixtures obtained on the basis of thermo{

dynamic calculaticns are shown in table 1, where . 1is

the molecular weight of the mixture,

! For both mixtures the diffusion coefficients of the

active centers and the heatconductivity were taken from

the work of Hellwig and A.nderson8 s D, = 0,19 (chlorine

£10

Wt et A

16
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i atom) and Dpog = 1,04 (hydrogen atom) at &; =dy, = 1.9

and ), = 8.6 « 107,

mixtures obtained by Bartolamegare eisc given, In view

4 A wo nar e

of process (3) the calculaticns were carried out ~ith the
gtwo values of K; indicated above. In both cases Z-xl.OO
and 4 =« 1,00 , slthough an extremsly high value , Koy =

57 000

lolbgaexp - . )

RT was taken for the rate conriant of
the generation of chlorins atoms, For the rate constant
of the quadratic rupture of the chains the value taken
was 2 o 10732 em® /molecule® * sec. The resuits of tne
calculations show that when the rats of the quadratic
chain rupture 1s taken into account there is practically
no 1nfluence»oh the calculatea value of che flame rrora=-
gation velocity (for q)z 1.00),

— The comparison of the experimertal values of thas ve-
locities of flame propagation with the theoretical ones,
calculated using relationship (25) and given in table 2,
indicates their satisfactory agreement, In the first ar-

ticle, which was devoted to the study of the flame proj.-

-

i The results of celculations according to relationshipg

(25) are given in table 2, where the data for corresponding

i
| of some confusion in regard to the value of thc cuefficlent

PR R § e
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Table 2
Experimental and Theoretical Values of Flame
Propagation Velocities (om/sec) for Chlorine-
hydrogon Mixtures

~" Baprosowe [9) 405 350
@ o W(ZS)
= "W K' a 10”" 3‘7 UO
Mo COOTHOIDENNIO
apx K, = 10134 252 218

1, Composition of mixture

2. Experimental data of Bartolomd®
3. From relationship (25) at K; -
I. From relationship (25) at K; a ‘.!.013 o4

1003+ 7

A &4 -
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gation process in a system with a simplified scheme of
the chain reaction and which included asctive centers of
one kind, comparison of resulte ocbtalneu by thaoretical
calculetion according to a relaticnship of the type ¢f
(25) with results obtained by numerical ilategration of
the squation of the initlal system was given, The diffe~
rence in the rimeri~al i1:lues of the flare propagation

velocities in thesc two cases was a few percent, Taking

—— -

4

this circumstance i-%s consideration, and also the data oni

the comparison of oxporiasental and theore£10a1 values
given in table 2 a cuiiciwion must be made that the theo-
retical considoratic~ ¢f 2. Lrstem with the unbranched
chain reactiocs corr-csiyr uczs.ribes the real process of
flame propagation,

The resulta ovi2ined (table 2) substantiate the pos-

sibility to determfr.: ths true constants and the activat-

ion energles of chain conuinuation processes from the ex- |

i
J

perimental dependencies of the flame propagstion velocity |

on the combustion temperature,
The euthor expresses his deep appreciation tc V, N,
Kondrattyev for his valuable adfice and help in this work,

i

:
{




-~

YT

p o AT N - S gt Ry el t A g e e e
oo

CONCLUSIQNE
1, Por ctne schers of an untrascre chain tocuion

with two active centers relaticnsiiips were cbtained ior '

the determiration o¢f the flers pro.agstion vl iy

.

take into consideration the 2. "fusicrn of voth of the =zo

23 -
tive centers that have differinz diffusion coefiiclanis
and which alsc tske into consileration -2 rate <7 gene-
ration and the rate of the quadrstic rupture of tue
¢hains, ’
é. For two casges of combustion ¢f chlorine~nydrogen
mixtures the thecretical valuess of the {T.ame prenaizunvion

veloclties were calculuted, which are in a sat.>factory

agrevment with experimental data, f
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